GHz and 94 GHz using thin-wall polymer tubing filled with low-loss, high-dielectric-constant powders. Absorptive losses of the order of 10 dB/meter were measured at 94 GHz with nickel-aluminum titanate and barium tetratitanate powder in polytetrafluoroethylene (F'TFE) lightweight electrical spaghetti. Bending losses at 94 GHz were negligible for curvature radii greater than 4 cm. Kuhn's theory of three-region cylindrical dielectric waveguide was used to calculate dispersion curves for the lower order modes for several combinations of dimensions and dielectric constants. Good agreement was obtained between experimental and theoretical values of guide wavelength. A scheme is proposed for classifying hybrid modes of three-region guides based on I EL / H L 1. For two-region guides, it reduces to Snitzer's familiar scheme.
I. INTRODUCTION
ETAL WAVEGUIDE used at millimeter-wave fre-M quencies is rigid and expensive (typically $40 per meter for WR-10 W-band extruded copper waveguide, exclusive of end flanges). An attractive alternative would be an inexpensive, flexible dielectric guide analogous to optical fiber. Flexible millimeter waveguides consisting of cylindrical plastic rods have been demonstrated [1] , but these guides were "unclad" and thus subject to loss from contact with nearby objects or supports. A flexible millimeter waveguide with a PTFE core and a foamed PTFE cladding is commercially available from W. L. Gore, Inc.
[2], but it is rather bulky and subject to bending losses because the core and cladding have similar dielectric constants. Another clad flexible guide was demonstrated by Shindo and Ohtomo with a polyethylene core, polyfoam cladding, and a polyethylene jacket [3] .
An ideal dielectric waveguide would have a small core consisting of a flexible, low-loss material with a large dielectric constant. The cladding would also be flexible and low in loss, and its dielectric constant would be much smaller than that of the core, so that the fields of the guided mode would decrease rapidly with distance in the cladding.
Unfortunately, all flexible solids with low millimeterwave losses, such as PTFE and polypropylene, have small dielectric constants (about 2). If they were used for cladding, we would have no flexible solid for a core; if they were used for the core, we would have no material for the Manuscript received June 22, 1987; revised December 18, 1987 cladding. Our solution to t h s dilemma was to use the polymers as the cladding and a low-loss, high-dielectricconstant solid material in powderform as the flexible core of the waveguide.
In Section I1 of this paper we discuss the theory of these three-region (core/cladding/surrounding medium) dielectric waveguides and present dispersion curves for parameters typical of our guides. In Section 111, we describe the experimental investigation of these powder core guides.
THEORY

A. The Characteristic Equation
The dielectric tubes employed in this study had wall thicknesses much smaller than a wavelength to allow access to the fields of the guided mode for making guide-wavelength measurements. Consequently, we could not make the simplification common to optical fiber analyses of treating a three-region guide with thick cladding as a two-region guide, ignoring the presence of the outermost region. Furthermore, since the difference in dielectric constant or refractive index between the materials used here for core and cladding was typically large, approximations based on small index differences [4], also common in optical fiber analysis, were generally inapplicable. The exact analytical theory of lossless three-region cylindrical dielectric waveguides, given by Kuhn [5] , was used to predict propagation constants for the modes of powderfilled tube guides.
The geometry of a three-region cylindrical dielectric waveguide is shown in Fig. 1 . Region 1 is the core of the waveguide, region 2 is the cladding, and region 3 is the space surrounding the waveguide. For the fields of the propagating modes to be well confined to the core of the waveguide, the relative dielectric constants of the three regions must satisfy c1 > c 2 > cg. Since the materials are assumed to be lossless in this first-order analysis, c l , c2, and c 3 are real. For a low-loss guide, it is usually sufficient to treat the loss as a perturbation, that is, to ignore its effect on the propagation constant, /3( U ) .
To find the propagation constants for the modes of three-region cylindrical dielectric waveguide, it is necessary to find the solutions to the wave equation for which the tangential field components are continuous at the two material boundaries. Kuhn H , , = B J m ( k , r ) s i n ( m + ) e x p ( -j / 3 z + j w t )
H3,= PK,(k3r)sin(m+)exp (-j/3z+jwt ). I,,, and K, are the modified Bessel functions of the first and second kind. Here m is the azimuthal eigenvalue; A , B, C, D, E , F, G, and P are constants; and the real constants k,, k,, k, are defined by
( 2 ) Fig. 1 . Cross section of three-region cylindrical dielectric waveguide. curl equations to derive expressions for the other field components. The characteristic equation giving the propagation constants is then obtained from the equations expressing the continuity of the tangential fields at the boundaries. The three-region guide solutions require a distinction between mode types that does not arise in the two-region case: Propagating modes are classified as either "core" modes or "cladding" modes Physically, cladding modes have larger phase velocities than core modes because a larger fraction of the power of a cladding mode propagates outside the core of the waveguide. Of course, for any propagating mode the propagation constant must lie between the value for a plane wave in free s ace, k,, and a plane wave in the core dielectric, k,$.
Modes with values of j3 lying outside this interval are cut off (Fig. 2) .
Consider the system of cylindrical coordinates shown in Fig. 1 , with the z direction coinciding with the longitudinal axis of the waveguide. The form of the z components of the fields of a core mode can be found using separation of variables. Choosing the Bessel functions with the proper
The remaining radial and azimuthal field components can be expressed in terms of the z components using Maxwell's curl equations. (See, for example, [6] or [7] .) These field components will exhibit similar functional variations with (r, 9, z ) as the z components in each region since they are related to the z components simply by differentiation. Note that for the core modes the z components of the electric and magnetic fields are oscillatory with r in the core region (Bessel function J,,,) , that they vary smoothly in the cladding region (modified Bessel functions I,,,, K,,,) , and that they decay exponentially in the exterior region ( K , only).
By contrast, our definition of a cladding mode requires the constant k, to be imaginary, so we define k; as
while k, and k, remain as before. The field components E,=, H2, then become
(4) H2= = [E'./,,,( k;r) 
The z components of the fields in regions 1 and 3 retain the same forms as for core modes. Note that the fields in the cladding may become "oscillatory," depending on the cladding thickness.
Equating the tangential field components at the boundaries between regions yields a set of eight linear homogeneous equations for the eight constants ( A , B, C; . ., P.).
Setting the secular determinant of this system to zero yields the characteristic equation. Thls equation is rather complicated and must be solved numerically. Kuhn [5] 
B. Classification of Modes
As in the case of a simple two-region dielectric rod, when the azimuthal eigenvalue m is zero, a great simplification is possible. The overall characteristic equation reduces to two much simpler equations. One of these equations corresponds to TM modes and the other corresponds to T E modes [5] , [8] . Since m = 0 the fields of these modes have no circumferential variation. TM and TE modes are designated TM,,, TM,,, TM,,, . . and TE,,, TE,,; . ., where the second subscript gives the order in whch the modes cut on (i.e., the propagation constant p becomes real) to become guided as the frequency is increased.
Again, as in the case of the two-region dielectric rod, all modes for whch m is not zero are termed "hybrid" modes because longitudinal components of E and H are simultaneously present. Several methods have been proposed [5] , [8] for classifying hybrid modes for three-region guide, but no method has been universally accepted. Most schemes classify hybrid modes into one of two categories, HE,, and EH,,. However, the criterion used to determine whether a mode is HE or EH is still a subject of controversy.
Most schemes for classifying hybrid modes of threeregion guide are based on schemes previously applied to simple dielectric rods, which we review briefly here. One of the earliest schemes for the dielectric rod was proposed by R. E. Beam in 1949 [9]. Beam's method is based on the relative contributions of E, and H, to a transverse field component at some reference point. If E, makes the larger contribution, the mode is designated EH, If the contribution from H, is larger, the mode is classified as HE. In this scheme, the choice of the names HE and EH is reasonable because they are meant to express the hybrid character of the modes and to indicate which longitudinal field component is "more significant" in some sense. In addition, there is historical precedent for t h s choice of names. They are adapted from names given to modes of metal guides: TE modes of metal guides have been called H modes and TM modes have been called E modes, particularly in the British literature.
Although the spirit of this naming scheme makes sense, Beam's method is still arbitrary because it depends on the particular transverse component chosen to judge the relative importance of H, and E,. Objecting to the arbitrariness of Beam's method, Snitzer [lo] proposed a scheme for dielectric rods based on a factorization of the characteristic equation into the form F1( j3) * F2( f i ) = 0. Since all modes result from either F 1 = 0 or F2 = 0 , the factorization divides the modes into two sets. Snitzer observed two differences between the sets. First, modes stemming from F1= 0 obey different cutoff conditions than ones associated with F2 = 0. Second, the sign of the amplitude coefficient ratio A / B (c.f. (1)) is negative for hybrid modes belonging to one set and positive for hybrid modes from the other set. Since it had become conventional by this time to refer to the fundamental mode as HE,,, Snitzer proposed that all hybrid modes for which the sign of A / B is the same as for the fundamental be designated HE,,,. Hybrid modes for which A / B has the opposite sign were to be designated EH,,,. Here n is the order in which a mode of given class (either HE or EH) and azimuthal eigenvalue cuts on to become guided as frequency is increased.
Although Snitzer's scheme allows the unambiguous classification of hybrid modes into two sets, the use of the names HE and EH is at variance with Beam' used the sign of A / B to classify hybrid modes of threeregion guide as either HE,, or EH,,. However, he does not show the existence of any important physical differences between hybrid modes for which the sign of A / B is different. Since the sign of A / B , in itself, is not particularly significant, the separation of hybrid modes into two categories using this criterion is not meaningful.
Safaai-Jazi and Yip [ 81 have proposed a classification scheme based on a factorization of the characteristic equation of three-region guide into a form F 3 ( P ) * F4(p) = 0. Hybrid modes whose propagation constants are found from F 3 ( P ) = 0 are designated HE,,, and those whose propagation constants are given by F4( p ) = 0 are called EH,,,,. Here again, the authors do not show any general physical differences between modes in each of the two classes. Furthermore, there is more than one way to express the characteristic equation of three-region guide as a product of two functions of p set to zero. Different factorizations may result in different classifications of the modes.
We propose here still another scheme for classifying hybrid modes of three-region dielectric waveguide, one based on physically meaningful differences, namely, that the magnitude of the ratio of the longitudinal fields be compared to the wave impedance of a plane wave traveling at the same phase velocity. We define a wave imped-ance Z :
The ratio IA/BI is, in some sense, the magnitude of the ratio of E,, to HIZ, the longitudinal fields in the core region. If IA/BI evaluated far above the cutoff frequency is greater than Z , then the mode is to be called HE,,,. Modes for which ( A / B ( is less than Z will be EH,,,,. When evaluated far above cutoff, IA/BI/Z approaches unity for all hybrid modes. The classification scheme proposed here is based on whether unity is approached from above or below.
According to this scheme, hybrid modes can be classified unambiguously into two physically distinct categories whose names reflect the distinction. The fundamental mode is still the HE,, mode. Although it would be preferable for historical reasons to have the first letter in the name of a hybrid mode, rather than the second, indicate the "dominant" longitudinal component, such a choice would change the fundamental mode to "EHl1." As it stands, our proposed scheme reduces to Snitzer's well-accepted scheme for the simple dielectric rod.
C. Numerical Results
Computer programs were written whch solved the three-region characteristic equation for m = 1 (HE,, and EH,, modes) and m = 0 (TE,, and TM,, modes) by using Gaussian elimination to evaluate the secular determinant for trial values of propagation constant. Examples of computed values for propagation constant for different parameters appropriate to our 10 GHz and 94 GHz waveguides are given in Section 111. As reported there, the agreement between theoretical and experimental values was excellent.
Here we present theoretical dispersion curves otained with the programs for three-region dielectric waveguides useful at microwave frequencies. These guides have much thmner cladding regions (r2 = 1.25r1) than typical optical fibers. In addition, the dielectric constant difference between core and cladding, c, -c 2 , is much larger than that in typical optical fibers.
Sets of dispersion curves are given for c, of 4, 8, and 12 (Figs. 3 through 5) . For each set, c 3 is 1 (air) and c 2 is 2.08 (PTFE). The abscissa is k,r, = 2rfr1/c. It may be thought of either as frequency for a guide with fixed core radius, r,, or as core radius for operation at a fixed frequency, f.
The most noticeable difference between Figs. 3 through 5 and typical dispersion curves of two-region guides is the order of the mode cutoff frequencies. For two-region guides, the TE,, and TM,, modes have identical cutoffs, as do the EH,,, and HE,,,,, modes. However, for threeregion guide, these pairs of modes do not have identical cutoffs, as shown in Figs. 3 through 5 . Values of k,r, at cutoff are given in Table I .
Another difference between Figs. 3 through 5 and typical dispersion curves of two-region guides has to do with the crossovers of the TE,, and TM,, modes in Figs. 3 through 5. (The TE,, and TM,, modes of dielectric rods do not cross.) Safaai-Jazi and Yip [15] have reported that these modes also cross for three-region optical guides where the refractive index difference between core and cladding is small. (Their results were obtained from the exact three-region analysis, not an approximation based on small refractive index difference.) Hence, these crossovers must be attributable to finite cladding thckness. 
EXPERIMENTAL WORK ON THREE-REGION GUIDES
Flexible dielectric waveguides were demonstrated at both 10 GHz and 94 Ghz by filling hollow, low-dielectric-constant polymer tubes with low-loss, hgh-dielectric-constant powders. Flexible guides with losses as low as 0.12 dB/cm were demonstrated at 94 GHz. These guides also exhibited neglible bending loss for radii of curvature greater than 4 cm. Fig. 6 is a photograph of some samples of W-band flexible guide made by this technique.
A. 10 GHz Modeling Experiments
Our first dielectric waveguides made by filling flexible hollow tubes with dielectric powders were designed for 10 GHz to avoid inaccuracies due to the small guide dimensions at 94 GHz. In addition, the dielectric properties of the powders were known at 10 GHz, so the guides could be compared with theory.
The powders used for the high-dielectric-constant core were Emerson and Cumming Ecco-flo powder, Trans-Tech D-30 nickel-aluminum titanate, and Trans-Tech D-38 barium tetratitanate. The particles of the D-30 and D-38 powders ranged in size from 43 pm to 100 pm. Trans-Tech's literature gives L = 31 and tan6 < 0.0002 for solid D-30 at 10 GHz, and L = 37 and tan6 < 0.0005 for solid D-38 at 6 GHz. They do not specify the dielectric properties of the powders. The Ecco-flo powder is specified by Emerson and Cumming to have L =12 and tan6 = 0.0007 at 10 GHz.
In order to design a dielectric waveguide with a powder core, it is necessary to know how the dielectric constant of the powder will vary with the packing density. This relationshp was determined for each powder at 10 GHz by using the shorted waveguide technique [16] to the measure dielectric constant. A typical plot of dielectric constant versus density (nickel-aluminum titanate) is given in Fig.  7 . Over the density range shown, the dielectric constant is virtually linear with density (although the curve does not pass through the point (0,l)). The cladding materials used were PTFE, polyethylene, and Corning 7740 glass (Pyrex). The dielectric properties of these materials at 10 GHz as given by von Hippel [17] are shown in Table 11 . Although the Pyrex tubes were inflexible, they were useful for making accurate guide wavelength and attenuation measurements. .) The dielectric waveguide was supported inside the flared section with a form-fitting polyfoam insert. With the waveguide inserted to the proper depth (determined by trial and error), the reflected power was less than 10 percent, sufficiently small to measure guide wavelength accurately. In addition, there was no detectable radiation field away from the coupler and waveguide. A metal perturber placed a few mm away from the dielectric guide, outside the volume of the (HE,,) guided mode, caused no change in reflected power. Finally, lossy foam was wrapped around the tube at the far end to prevent reflections. Guide wavelength measurements were made by sliding a metal washer along the full length of the guide and observing the periodic variation in reflected power, as indicated schematically in Fig. 8 . The small reflection from the perturber changes phase as the perturber moves, and interferes with the small reflection from the coupler. The measured guide wavelengths were significantly less than that for free-space propagation, indicating that the HE,, mode was well confined. Table 111 shows that the measured wavelengths were in excellent agreement with those predicted by the theory of lossless three-region cylindrical dielectric waveguide, as presented in Section 11. The values of ccore listed in Table 111 were determined by using the c versus density data and determining the density of the powder in the tube by precision weight measurement. Preliminary transmission and bending loss measurements were made on powder-filled tubes at 10 GHz by measuring directly the power transmitted to the far end of the guides. The transmitted power was determined by inserting the far end into a section of rectangular metal waveguide connected to a diode detector. These measurements indicated that the transmission and bending losses were low. For example, the total insertion loss, including any coupling losses, for a straight polyethylene tube with length equal to 1 m and inner diameter equal to 0.6 cm was 4 dB when the tube was filled with Ecco-flo powder having dielectric constant equal to 12.8 f 0.1. Bending this guide into circular arcs caused less than a 0.2 dB increase in loss for curvature radii greater than 28 cm-t 1 cm. Since we were primarily interested in millimeter-wave guides, we did not pursue this investigation far enough at 10 GHz to determine precisely the magnitude of these losses. Instead we began a program to build and test flexible 94 GHz powder-filled tube waveguides.
B. 94 GHz Experiments
Flexible dielectric waveguides for operation at 94 GHz were made by filling PTFE tubes (18-23 AWG lightweight' electrical spaghetti) with dielectric powders. The guides were "designed" using the theory of lossless three-region cylindrical dielectric waveguide so that the HE,, mode would be significantly slowed. In order to use the theory, the dielectric constants of the powders were needed. We used the values measured at 10 GHz because of the difficulty of controlling the length of a powder sample sufficiently accurately to measure its dielectric constant at 94 GHz with the shortest-waveguide technique. The dielectric constant of a powder composed of low-loss dielectric material should not vary much between 10 GHz and 94 GHz if the powder grains are small relative to the wavelength in the material at 94 GHz [19] .
Coupling to metal waveguide was achieved by inserting the end of the dielectric tube into a slightly flared section of WR-10 metal waveguide. As before, guide wavelength measurements were made by sliding a metal perturber along the length of the waveguide and observing the periodic variation in reflected power (Fig. 8) .
The Ecco-flo powder proved to be so lossy at 94 GHz that only surface waves would propagate along PTFE tubes filled with this powder. These waves were the same kind of U = c waves that were previously observed on KRS-5 guides [20] .
We initially tried the same D-30 and D-38 powders used at X-band, but were unable to obtain uniform wavelengths along the guides. The measured wavelengths varied by as much as 100 percent with distance along the guide. We believe that one of the factors contributing to t h s wavelength variation was the random variation with length of the cross-sectional dimensions and circularity of the small (21, 22, 23 AWG) , commercial grade spaghetti supporting these powders. Another source of error was that the small size of the tubes made them difficult to fill uniformly with powder. Finally, the powder-filled tubes were so flexible that they would bend during the measurement, making the length of a period difficult to measure accurately.
The foregoing difficulties were overcome by using powders with smaller grain size. These powders were Trans-Tech MCT-40 magnesium-calcium titanate, D-30 nickel-aluminum titanate, and D-8512, an "improved" barium tetratitanate.2 For each of these powders, all particles were less than 43 pm in size. Since these powders had smaller grain sizes and thus smaller packing fractions, they had lower dielectric constants than the others, allow-'PTFE electrical spaghetti is available in three types, according to wall thickness. "Standard wall" spaghetti has the thickest walls, followed in decreasing order of thickness by " t h n wall" and "lightweight."
*Trans-Tech states that D-8512 has lower loss than D-38 and also a smaller thermal coefficient of dielectric constant. Otherwise, we do not know the nature of the "improvement." ing us to use larger diameter spaghetti (18, 19, 20 AWG) while still allowing propagation of only the fundamental HE,, mode. Thus, the problems associated with small tubing, dimensional imperfections, paclung irregularities, and excessive flexibility were all reduced significantly. The smaller particles also made it easier to pack these powders uniformly in the tubes. As a result of these improvements, the measured guide wavelengths agreed well with the theoretical values for the HE,, mode, as shown in Table IV . For the guides represented in Table IV , there were no beats in the pattern of reflected power versus perturber position, indicating that the guides were single-mode, as intended.
Total transmission attenuation measurements were made by comparing the power received with a diode detector at the far end of the waveguide with the power incident on the guide. Power was coupled from the far end of the dielectric waveguide by inserting it into a flared section of metal waveguide connected to the detector. The incident power was determined by removing the dielectric waveguide and the flared coupling sections and connecting the detector directly to the WR-10 metal waveguide. A second Schottky diode detector connected to a small W-band horn antenna was used as a movable probe to determine that there was an insignificant amount of radiation from the couplers and waveguide. Also, the power reflected back into the metal waveguide from the feed coupler was approximately -20 dB below the incident power. Thus, we concluded that there was very little power lost in coupling by reflection or radiation, so that the ratio of the incident power to the power detected at the far end represents a reasonable measure of the true dielectric waveguide loss. The loss per unit length is then t h s loss divided by the length of the dielectric waveguide, typically 30 cm. Table V gives the results of attenuation measurements on a few straight powder-filled Teflon tubes.
Initial bending loss measurements were made using the same setup as for attenuation measurements on straight guides (Fig. 9) . The plane of bending was perpendicular to the (vertical) plane of polarization of the HE,, mode. A problem encountered during these measurements was that the ends of the Teflon tubes tended to change position Cladding material is PTFE, c = 2.08. Cladding thickness is 0.15 mm. The theoretical loss of silver or copper WR-10 waveguide is approximately 0.025 dB/cm at 94 GHz; however, loss in typical pieces may be 0.05 dB/cm or more.
detector diode % Fig. 9 . Schematic representation of the setup for malung attenuation and bending loss measurements.
inside the flared metal waveguide couplers when the tubes were bent in arcs with radius less than about 4 cm. This movement changed the quality of the coupling between the dielectric waveguide and the metal waveguides, making it difficult to obtain accurate measurements of bending losses. We did not attempt to refine the mechanical structure to improve these measurements since we had already begun similar measurements on precision-machined rigid rectangular dielectric guides [19], [24] . However, when the tubes were bent into circles with curvature radius greater than about 4 cm, bending losses were immeasurably small, given the 0.2 dB measurement uncertainty. A straightforward comparison of our bending loss observations to theory is not possible because we know of no bending loss theory that applies to three-region guides with thin cladding, large refractive index difference between layers, and curvature radius as small as 20 guide wavelengths. In fact, all the theories with which we are familiar assume that the refractive index differences between layers are small. Keeping these limitations in mind, we have used the theory of Kuester and Chang [21] , [22] for curved dielectric rods for rough comparison. To use the theory, the rod radius and dielectric constant were chosen equal to that of the core of the actual guide, and the surroundings of the rod were assumed to have a relative dielectric constant equal to one. The theoretical curvature losses were calculated for the vertically polarized LP,, mode, the " linearly polarized approximation" mode corresponding to the exact vertically polarized HE,, mode. Applied in this way, the theory predicted that a curvature radius of less than 2 cm would be necessary for our guides to exhibit bending losses comparable to our absorptive loses. We have obtained a similar result in comparing Marcatili 
IV. CONCLUSIONS
Guide wavelengths calculated using Kuhn's theory for a three-region lossless dielectric waveguide are in good agreement with experimental measurements at 10 GHz and 94 GHz. A hybrid mode classification scheme for three-region guides based on the ratio I E, / H , 1 seems more soundly based on physical properties and reduces to Snitzer's familiar scheme for two-region guides. Highly flexible guides consisting of low-loss, high-dielectric-constant powders packed inside thin-wall plastic tubing exhibit losses of the order of 10 dB/meter, low enough at 94 GHz to be attractive for short length transmission. Bending losses for 94 GHz guide were negligible compared to absorptive losses for curvature radii greater than about 4
